Abstract The aim of this study was to examine the thermal denaturation properties of proteins from fresh and frozen pond mussels Anodonta woodiana by differential scanning calorimetry (DSC). The A. woodiana (Lea, 1834) mussels were collected from the bottom of a lake located in West Poland. Three parts of the mussel: adductor muscle (AM), foot muscle (FO) and part of internal organs (IO), were taken for analysis. The DSC technique was used to characterize the stability of the protein system, and SDS-PAGE was applied for the separation and identification of proteins. Thermal analysis in all parts of the mussel revealed two main endothermic transitions: the first at 60-61°C and the second at 69-70°C. Denaturation transition occurred in the temperature range from 42 to 76°C. The highest enthalpy of denaturation was observed for FO and was 15.75 J g -1 (per 1 g of protein) and 14.01 J g -1
Introduction
In the face of global deficiencies of foods rich in proteins, studies are needed on the search for new materials for food or feed purposes. Bivalves such as clams, mussels and oysters offer good sources of protein, glycogen and minerals, are easily digestible and compare favorably with other animal foods [1] . Additionally, various physiological functions and health-promoting properties of clams have been recognized [2] . There is a potential for extracts of their soft tissues to be used as an antifungal, antibacterial or even antitumor agent [3, 4] .
The Anodonta woodiana is an edible mussel with the common Chinese name He Bang. Among bivalves, it is known as an invasive species transported with fish shipments and penetrated from Asia not only the American continent but also Europe. Following numerous studies, both marine and freshwater A. woodiana may constitute safe biomaterial of potential processability [3, 5, 6] . Evaluation of the possibility to use them requires extensive and multidirectional studies including the studies of the functional properties of proteins, i.e., those physicochemical properties that influence the behavior of proteins during processing, storage and feed/food consumption [7] .
Differential scanning calorimetry (DSC) is a very useful tool for studying the thermal properties of proteins, especially in terms of the denaturation process [8, 9] . When a sample rich in proteins is heated by a programmed heating rate, endothermic peaks appear, whose area can act as a measurement of the stability of the protein. This can be characterized by the following DSC parameters: the heat absorbed (DH), the temperature at which the peak starts to be deflected from the baseline, determined by extrapolation (onset temperature, T o ), and the temperature at which the peak reaches a maximum (peak temperature, T p ). There are some factors that influence the peak temperature T p , such as heating rate, protein concentration and sample size [10] ; hence, it is important to keep these variables constant to obtain reproducible results. This technique allows protein behavior to be studied in situ in very small amounts. DSC was widely used to analyze the proteins of muscle tissue from chicken, beef, pork and fish meat [11, 12] . The DSC studies characterizing the thermal properties of muscle proteins in squid (Illex argentinus) [13] or scallop (Zygochlamys patagonica) [14] were reported. However, little DSC research has been done on muscle proteins from other marine or freshwater sources. Thus, the aim of this study was to examine the protein composition and thermal stability of fresh and frozen muscles of the edible mussel A. woodiana by using electrophoresis and differential scanning calorimetry.
Materials and methods

Materials
The A. woodiana (Lea, 1834) mussels were collected from bottom of a lake located in West Poland. Experiment has been done in two sets. As shown in Fig. 1 , in each set three mussels were taken, and from each mussel three parts were cut for analysis: the adductor muscle (AM), foot muscle (FO) and part of internal organs (IOs). Samples were chilled and stored at 4°C in refrigerator until analysis. Additionally, samples of three parts of mussel mentioned above were frozen at -18°C and stored for 1 month. After this period, samples were thawed and analyzed by DSC for protein stability.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
The sample of 10 mg of raw material was mixed with a 150 lL buffer (pH 6.8; 8 M urea, 2 M thiourea, 0.05 M Tris-HCl, 0.075 M DTT, 3 % (w/v) SDS, 0.05 % (w/v) bromophenol blue). Each sample was heated for 3 min at 100°C. The protein concentration in 10 lL samples was determined using a 2-D Quant Kit (GE Healthcare BioSciences). Electrophoretic analysis (SDS-PAGE) was conducted in 15 % polyacrylamide gel [15] . The gels were prepared in triplicate. The separation of proteins was performed using two-phase gels: resolving and stacking gel. First, the 15 % resolving gel was prepared (30 % (w/v) acrylamide, 75 % (v/v) glycerol; 3 M Tris, pH 8.8; 10 % (w/v) SDS; 1 % (w/v) ammonium persulfate; TEMED 16 lL polyacrylamide gels. After resolving gel polymerization, the stacking gel (10 % (w/v) acrylamide, 5 % (v/v) glycerol, 0.125 M Tris (pH 6.8), distilled water, 10 % (w/ v) SDS, 1 % (w/v) ammonium persulfate, staining buffer, TEMED) was poured on the layer of resolving gel. All gels were prepared using 80 9 100 mm plates with 0.75-mm spacers. The amount of proteins loaded into separate wells in each sample was 12 lg. Separation was conducted at room temperature in the vertical system using the SE 250 type apparatus (Hoefer Scientific Instruments Company). 
Differential scanning calorimetry
The measurements were taken using a PerkinElmer DSC 7 device (PerkinElmer, Norwalk) equipped with a PerkinElmer Intra cooler II and Pyris software. Nitrogen (99.999 % purity) was the purge gas. The DSC calorimeter was calibrated for temperature and enthalpy using indium (m.p. 156.6°C, DH f = 28.45 J g -1 ) and n-dodecane (m.p.
. The samples of various parts of the mussel (10 mg) were weighed (±0.5 mg) into 20 lL aluminum sample pans (PerkinElmer, No. 0219-0062) and sealed. At least three samples were heated from 5 to 95°C at a scanning rate of 5°C min -1 with a sealed empty pan as reference. The peak temperatures (T p ) were recorded, and the transition enthalpy (DH) was calculated from the peak area using the Pyris software and expressed in J per 1 g of sample material and in J per 1 g of protein.
Protein analyses were performed by the Kjeldahl procedure using the Kjeltec system. A factor of 6.25 was used to calculate protein content.
The DSC curves of all samples investigated were fitted and deconvoluted by the Origin PeakFit module (OriginLab Corporation, Northampton, MA, US).
Microscopy analysis
A 5-lm-thick paraffin slices were stained according to Masson-Gold procedure. The observations were conducted using an Axioscope light microscope in the Department of Animal Histology and Embryology of Poznań University of Life Sciences.
Statistical analysis
DSC and SDS-PAGE analyses were carried out at least in three repeats. Mean values and standard deviations (SD) were calculated. The analysis of variance (ANOVA) was applied to determine the significance of variability factors on the effect measured. Tukey's post hoc test was used for group mean comparisons. Differences were found to be significant at p B 0.05. Statistical treatment of the data was performed using Statistica 10.
Results and discussion
Three parts of the A. woodiana mussel: the adductor muscle (AM), foot muscle (FO) and internal organs (IO), were taken for this study. A microscopy picture of the adductor and foot muscle taken for analysis is shown in Fig. 2 . DSC denaturation curves of three parts (AM, FO and IO) are presented in Fig. 3 together with a denaturation curve of chicken breast muscle for comparison. The muscle tissue of vertebrates (for example, chicken muscles) is a complex system comprising three classes of protein: myofibrillar, sarcoplasmic and connective tissue; hence, the DSC curve is also a complex transition composed of at least three peaks. In the DSC studies on the muscle tissue of vertebrates [10, 11] , the following assignment of peaks is given: The first peak, at a low temperature, is linked to myosin and related proteins, the last one at a higher temperature is associated with actin, and the peaks between are related to sarcoplasmic proteins and collagen as shown for chicken breast muscle in Fig. 3 . Thermal analysis of three parts of fresh A. woodiana (AM, IO and FO) revealed two main endothermic transitions: the first at around 60-61°C and the second at approx. 69-70°C. We may notice that the traces presented have some specific features. All samples exhibit a very pronounced, relatively sharp peak at around 60-60°C. Traces of the adductor and foot muscles show two distinct peaks, whereas for the other sample IO in the higher-temperature region, the curve is falling down without any visible peaks. On the lower-temperature side of the main peak, all curves show more or less pronounced shoulders. The denaturation transition occurred in a temperature range from 45 to 76°C. The differences observed in DSC traces between chicken breast muscle and the A. woodiana mussel arise from the fact that this mussel is an invertebrate; thus, we may expect that its protein structure will be different. According to Paredi et al. [16] , peak with a maximum at around 60-61°C corresponds to myosin and paramyosin, and the second peak is related to the next myofibrillar protein, actin. Kantha et al. [17] similarly stated that except for myosin and actin, muscles of marine invertebrates contain one more characteristic protein, namely paramyosin. This is a fibrous protein found in the phyla Platyhelminthes, Nematoda, Nematomorpha, Annelida, Mollusca, Arthropoda and Echinodermata. Paramyosin is a significant protein component in the muscles of edible molluscs and arthropods [17] . It has been reported that paramyosin alters the characteristic texture of marine meat gel products considerably. The gel properties of surimi made from Alaskan pollock Theragra chalcogramma gels increased with a 15-25 % increase in paramyosin contents [18] . Despite this abundance and a great deal of research on the biochemistry of the catch contraction mechanism of adductor muscles, paramyosin has not attracted the attention of the food chemists that it deserves. The contribution of paramyosin to the surimi gel characteristics and to seafood systems in general needs to be investigated in detail. The importance of paramyosin to the quality of seafood systems should be studied further.
The stability of a structure composed of proteins can be studied by using DSC curves to calculate the thermotropic parameters as temperatures and enthalpies of denaturation, which are presented in Table 1 . No significant differences (p [ 0.05) were found between the first peak temperatures (T p 1) of all types of fresh muscles, whereas differences between the second peak temperatures (T p 2) were significant. In the case of the denaturation enthalpies of three investigated fresh muscles (AM, FO and IO), significant differences were found (p \ 0.05). The highest enthalpy of 15.75 J g -1 (per 1 g of protein) observed for the foot muscle (FO) and of adductor muscle (AM) amounted to 14.01 J g -1 . For comparison, denaturation enthalpy of chicken breast muscle was determined at a level of 17.9 J g -1 . In all cases, the first peak was much higher than the second one, and the area of the first peak was approximately 70-80 % of the total area.
In order to estimate and compare the protein composition in mussel, proteins were separated by SDS-PAGE. Figure 4 demonstrates the electrophoretic patterns of three different samples of A. woodiana: adductor muscle (AM), internal organs (IO) and foot muscle (FO) and chicken breast muscle. Eleven bands of proteins for AM and FO samples and ten for the IO sample were identified, which correspond to proteins with a molecular weight between 228 and 13 kDa. The molecular weight and percentage content of each protein are listed in Table 2 . The results of protein SDS-PAGE analysis showed that the main proteins identified in three samples of A. woodiana (AM, FO and IO) were as follows: myosin (224-228 kDa), paramyosin (98-107 kDa) and actin (46 kDa). Those three proteins constituted 50-56 % of all proteins observed on the gel; thus, we may suspect that they have the greatest influence on the DSC denaturation curve. Szent-Gyorgyi et al. [19] reported that a ratio of paramyosin/myosin greater than 1:1 is characteristic for smooth adductors.
As described by Szent-Gyorgyi et al. [19] and Elfvin et al. [20] , in invertebrate muscles paramyosin constitutes the core of thick filaments, where it is covered by a cortical layer of myosin. Watabe et al. [21] reported that scallop adductor muscle is attached by a small piece of smooth muscle. This muscle, rich in paramyosin, is believed to be involved in the catch mechanism of the scallop. It was also stated that the paramyosin content in smooth muscle is much greater than myosin content. DSC traces obtained with a wide range of transition and the results of electrophoretic separation indicate that MW molecular weight, AM adductor muscle, IO internal organs, FO foot muscle, M/A myosin-to-actin ratio, PM/M paramyosin-to-myosin ratio a Mean value ± standard deviation; n = 4 denaturation of large proteins is a very complex process. It takes place in discrete stages, each of which corresponds to the breakdown of a definite domain. In order to get deeper insight into the composite character of the denaturation transition, we deconvoluted these DSC traces into six components, whose positions were rationalized by the path of each curve. The results are presented in Fig. 5 , and they show the original trace, fitted peaks and cumulative convolution of fitted peaks. The calculated parameters of fitted peaks, especially the area under the peaks, which is related to the amount of protein, are in reasonable agreement with data obtained from electrophoretic analysis (Table 3 ). This figure indicates that the denaturation process of the sample occurs as a series of consecutive steps of denaturation for each specific protein.
The main peaks, plotted with index 3 and 4 in Fig. 5a , accounted for 43.56 % of the total area of adductor muscle transition (Table 3 ) and are probably related to the main proteins, i.e., myosin and paramyosin. Those two main peaks are similarly present in the IO and FO muscles, as shown in Fig. 5b , c. The last peak No. 6 with an area of 17.73 % for AM, 13.75 % for IO and 22.96 % for FO corresponds to actin, according to Paredi et al. [16] . In turn, the peak No. 5 can be related to proteins with a low molecular weight (LMW) of between 38 and 13 kDa, because it is known that the second peak between myosin and actin in the chicken profile, as shown in Fig. 3 , is related to LMW proteins [10] . Some relations can be found between the SDS-PAGE and DSC results. When compared to electrophoretic results (Table 2) , myosin, paramyosin and actin content accounted for 56.17 % for AM, 49.65 % for IO and 49.53 % for FO, whereas the percentage of the total area of the peaks for those three proteins, calculated from the deconvoluted peaks (Table 3) , was 61.29 % for AM, 68.13 % for IO and 65.56 % for FO. In seafood, the functional properties (water holding capacity, gelation capacity, emulsification) are influenced by freezing and frozen storage; thus, the effect of 1-month frozen storage on protein stability was also investigated [22] . The thermotropic results of DSC analyses are presented in Table 1 . These show that prolonged freezing did not have a significant influence on the denaturation temperature of the first and second peaks. However, significant differences in measured enthalpy between fresh and frozen samples were observed only for the adductor muscle. The total enthalpy (DH) of this sample decreased for frozen adductor muscle by 33 %. The decrease in enthalpy for the first peak (DH1) and second peak (DH2) was proportional and significant. These observations are consistent with the results presented by Paredi et al. [23] , who reported that the adductor muscles of Zygochlamys are more sensitive to changes in the chemical environment. Differences observed in the thermal stability of the samples analyzed can be the result of varied water content in the three muscles. The adductor muscle contained the lowest amount of water (79 %) compared to IO (85 %) and FO (82 %) (unpublished data). H-bonding is known to be the main stabilizing force of protein structure; thus, freezing water molecules change the enthalpy factor due to dehydration of polar groups of proteins, leading to the destabilization of the protein structure and decreased stability at low temperatures. The lower enthalpy of the adductor muscle can also be the consequence of the proteolytic breakdown of myosin. Iguchi et al. [24] reported a decrease in the relative percentage of myosin with an increase in small proteolytic AM adductor muscle, IO internal organs, FO foot muscle fragments in frozen-stored AM from squid (O. sloani pacificus). In Fig. 3 , a band with a small molecular weight of 17 kDa is visible on the electrophoretic profile of the adductor muscle, which was not detected in the IO muscle. This can indicate that myosin in the AM and F muscles can be degraded by proteolytic enzymes. Konno et al. [25] also reported that myosin was the major target protein for proteinases and that the proteolytic activity remained unchanged during frozen storage.
Conclusions
DSC and electrophoretic measurements have shown that the most abundant protein in all parts of A. woodiana mussel investigated is not myosin but paramyosin, which comprises 17-24 % of the total amount of proteins. In adductor muscle, the paramyosin content is much greater (24 %) than myosin content (14 %). According to DSC analysis on the stability of proteins, freezing did not have a significant influence on the first and second peak temperatures. The only significant differences between fresh and frozen tissue were observed for the total enthalpy of denaturation for adductor muscle. For the foot muscle and internal organs muscles, differences between fresh and frozen were not significant.
